Abstract
Introduction 33
Mounting concern about the impacts of climate change, ocean acidification and direct 34 anthropogenic activities on coral reef ecosystems has spurred the need for accurate and 35 precise quantification of rates of skeletal growth of corals and other calcifying organisms, 36 on diurnal through seasonal timescales, in both field and laboratory experiments. The 37 most frequently used measure of skeletal growth rate in corals is based on annual 38 banding, high and low density couplets that together represent one year. While extremely 39 , 1997) , and the use of various dye, elemental, and isotope spikes. Dye-and isotope-50 based approaches are commonly used in a range of calcifying organisms and offer many 51 advantages over other approaches. In particular, dye and isotope based marks are easily 52 implemented in field settings, can be used in-situ, offer the ability to mark large numbers 53 of organisms at the same time, and can be used on corals of vastly different sizes -from 54 newly settled polyps to colonies meters across. Due to their ease of detection, dyes are 55 the first sample was intended to allow the coral to recover from any handling stress and 124 thus avoid capturing any temporary changes in calcification. Salinity (Hach conductivity  125 probe -read to 0.1, accurate to ~1) and pH (NBS scale, Thermo-Orion ROSS 126 8165BNWP electrode, read to 0.1 mV) were measured at the end of each incubation for 127 every container, as well as at the start of incubations for a subset of the containers. 128
Aragonite deposition was assumed to be the only process affecting alkalinity, with 2 mol 129 alkalinity consumed per mol of CaCO 3 deposited. This may under-estimate calcification 130 as any ammonia released by the coral will increase the alkalinity of the solution (e.g. 131
Jacques and Pilson 1980). Alkalinity depletion rates were corrected for evaporation 132 (based on the change in container mass), and for background rates measured in containers 133 containing no slides. Background alkalinity consumption rates were invariably low, with 134 the highest rates being <10% of coral rates. 135
Final dye concentrations were as follows: 2.7-3.2 mg/kg alizarin (added as ~0.2 ml of 136 stock solution/L, pH not adjusted, but pH declined <0.01 upon dye addition), 8.6-8.8 137 mg/kg alizarin complexone (added as ~1 ml of stock solution/L with sufficient NaOH to 138 dissolve, pH declined ~0.03 upon dye addition), 9.5-10 mg/kg calcein (added as ~0.8 ml 139 of stock solution/L, pH of the stock solution was not adjusted, thus pH declined ~0.03 140 upon dye addition), 24-26 mg/kg oxytetracycline (added as ~0.3 ml/L of stock 141 suspension, pH adjusted with NaOH, no measureable pH change upon addition To estimate the potential effect of the presence of the dye on the light spectra received by 176 the coral, the absorbance spectra of each dye in seawater was measured using an Ocean 177
Optics USB4000 spectrophotometer configured for measuring the visible spectrum with a 178 blue filtered (SCHOTT glass BG-34 filter) tungsten light source (LS-1) and a 1 cm 179 cuvette. In addition to the dyes used for the coral experiments, the absorption spectra 180 were also measured for other lots of calcein (from Alfa Aesar, Invitrogen, and Sigma) 181 and oxytetracycline (Acros). Different lots of calcein were found to be highly variable in 182 their appearance and solubility -some being readily soluble in distilled water, while 183 others requiring addition of NaOH to dissolve. Even when purchased as a sodium salt, 184 not all lots were soluble in distilled water. Thus when preparing calcein stock solutions 185 the manner of preparation will depend greatly on the lot of calcein used. It may be 186 possible to make up the solution directly in water, or it may require the use of a base, 187 such as NaOH or NaHCO 3 (per Wilson et al., 1987) 
Results 215
All dyes used gave detectable marks in the skeleton and all corals survived exposure. 216
Growth rates of A. poculata were reduced during exposure to all dye treatments except 217 oxytetracycline; rates during exposure were 84%, 77% and 70% of initial rates for 218 alizarin, alizarin complexone and calcein respectively (Fig. 1) . Growth rates during 219 oxytetracycline treatment were higher (114%) than initial rates. Following dye exposure, 220 growth rates returned to near pre-treatment rates -99%, 125%, and 115% of initial rates 221 for alizarin, alizarin complexone and calcein respectively. Growth rates following 222 oxytetracycline exposure, however, were significantly (p<0.01) higher (168%) than 223 pretreatment rates. Exposure to isotope spikes had no measurable effect on coral growth 224
Absorption spectra (Fig. 3 ) measured in seawater showed peak absorbances for 226 oxytetracycline at ~380 nm, calcein at ~486 nm, alizarin at ~540 nm, and alizarin 227 complexone at ~550 nm. Different lots of calcein and oxytetracycline had similar 228 spectra, despite differences in solubility and appearance. 229
Emission spectra (Fig 4) of dyes incorporated into coral skeletons showed peaks at ~550 230 nm for oxytetracycline when excited at 405 nm, ~520 nm for calcein when excited at 488 231 nm, ~610 nm for alizarin and ~630 nm for alizarin complexone when excited at 543 nm. 232 233
Discussion 234
All dyes employed in this study proved effective in marking coral skeletons. However, 235 consistent with previous reports of alizarin negatively affecting growth (Dodge et al., 236 1984), growth rates tended to be slightly lower following exposure to alizarin (Fig 1) , 237 and, though not quantified, polyps appeared less expanded during exposure to alizarin. 238
Oxytetracycline significantly increased coral growth rates ( is not common due both to the expense of the spikes and to the difficulty of detecting the 251 spikes once in the skeleton, which generally requires specialized instruments such as 252 secondary ion or laser ablation mass spectrometers. In principle, however isotope based 253 techniques for marking coral skeletons offer several advantages. The use of isotopes with 254 low natural abundances can allow a relatively small change in the concentration of a 255
given element to yield a large change in the isotopic composition. Isotope spikes had no 256 measurable effect on coral growth (Fig. 2) , and since the elements used occur naturally in 257 the skeleton and surrounding seawater, a small change in their concentration would not 258 be expected to affect growth. Radio Dye based methods have the potential to change growth due to the introduction of a 272 foreign substance (e.g. Ibsen and Birkedal 2010), and due to their inherent absorption of 273 light, they will change the light spectrum (Fig 3) 
Alizarin complexone 305
Alizarin complexone is similar in many respects to alizarin, with the advantage that it 306 has not been found to reduce the growth of any coral species, although our results suggest 307 it may reduce polyp extension in Astrangia poculata. Unfortunately, alizarin 308 complexone is not as easy to distinguish from unmarked skeleton using transmitted light 309 microscopy -the purple coloration of alizarin complexone provides nowhere near the 310 contrast of alizarin. However, it can be seen readily with fluorescence microscopy (see 311 supplementary materials), with a spectrum similar to that of alizarin. We have only used a 312 single lot of alizarin complexone; for that lot a base must be used to get the alizarin 313 complexone into solution, and pH adjustment is advisable. when it is present. The formation of precipitates was not observed to be a problem, 323 making it convenient to inject a concentrated stock solution into bags surrounding corals 324 for field marking. Fluorescence microscopy is required to detect calcein in the skeleton 325 as the yellow-orange color of aragonite containing calcein is difficult to see, while the 326 intense fluorescence of calcein is easily detected. Unfortunately there appears to be 327 considerable variability between suppliers, and for certain suppliers, lot-lot variability in 328 the composition of the material sold as calcein. So depending upon the lot, base may be 329 needed to dissolve the calcein or it may be readily soluble in distilled water, and pH 330 adjustment may or may not be needed. 331
332
Oxytetracycline 333
Oxytetracycline suffers from relatively low solubility at seawater pH making preparation 334 of concentrated stock solutions more difficult, and if used without pH adjustment, it will 335 reduce pH. The increase in growth observed following oxytetracycline exposure suggests 336 that it affects the coral holobiont, and should be used with caution. 337
338
Of the dyes used, calcein appears to be the most satisfactory for marking coral skeletons. 339
Calcein had no detectable effect (negative or positive) on coral growth and no obvious 340 effect on tissue expansion, it is readily available, and relatively soluble (in alkaline 341 solutions). The brilliant yellow-green color of the water following its addition makes it 342 easy to verify it is present in field settings, and its strong fluorescence signal allows it to 343 be easily detected. Additionally, calcein has the potential to be used with alizarin or 344 alizarin complexone to carry out dual marking studies. 345 were taken using a Zeiss 38HE filter set, oxytetracycline images were taken using filter 572 set 2. Confocal microscopy images (Fig. 2) were taken using a 543nm He/Ne laser for 573 excitation of alizarin complexone and alizarin, calcein was excited at 488nm with an Ar 574 laser, oxytetracycline was excited with a 405nm diode laser. Corals were exposed to 575 dyes for two 12 hr periods 12 hr apart, specific details regarding the times of stain 576 addition, skeletal structures and environmental conditions will be part of a forth coming 577 paper addressing the timing of formation of different portions of the skeleton in different 578 species in relation to environmental parameters. 579
An example series of ion-microprobe spots and associated isotope ratios is shown in 580 Figure 3 
